Background-Transforming growth factor-␤ family cytokines have diverse actions in the maintenance of cardiac homeostasis. Activin A is a member of this family whose regulation and function in heart are not well understood at a molecular level. Follistatin-like 3 (Fstl3) is an extracellular regulator of activin A protein, and its function in the heart is also unknown. Methods and Results-We analyzed the expression of various transforming growth factor-␤ superfamily cytokines and their binding partners in mouse heart. Activin ␤A and Fstl3 were upregulated in models of myocardial injury. Overexpression of activin A with an adenoviral vector (Ad-act␤A) or treatment with recombinant activin A protein protected cultured myocytes from hypoxia/reoxygenation-induced apoptosis. Systemic overexpression of activin A in mice by intravenous injection of Ad-act␤A protected hearts from ischemia/reperfusion injury. Activin A induced the expression of Bcl-2, and ablation of Bcl-2 by small interfering RNA abrogated its protective action in myocytes. The protective effect of activin A on cultured myocytes was abolished by treatment with Fstl3 or by a pharmacological activin receptor-like kinase inhibitor. Cardiac-specific Fstl3 knockout mice showed significantly smaller infarcts after ischemia/reperfusion injury that was accompanied by reduced apoptosis. Conclusions-Activin A and Fstl3 are induced in heart by myocardial stress. Activin A protects myocytes from death, and this activity is antagonized by Fstl3. Thus, the relative expression levels of these factors after injury is a determinant of cell survival in the heart. (Circulation. 2009;120:1606-1615.)
The follistatin family proteins function as extracellular antagonists of TGF-␤ superfamily cytokines. Follistatin and follistatin-like 3 (Fstl3) bind directly to TGF-␤ superfamily cytokines to inhibit their biological activities. 1 Recently, Lara-Pezzi et al 9 reported that Fstl3 transcript expression is upregulated in end-stage failing myocardium and its expression is correlated with molecular markers of disease severity. They also reported that transcripts encoding follistatin-like 1 (Fstl1), a distant member of the follistatin family, are upregulated in heart failure and expression is positively correlated with better functional recovery after implantation of a left ventricular assist device. We have shown that Fstl1 is secreted from cardiac myocytes after injury in animal models and that it functions to promote cardiac myocyte survival. 10 To better understand the regulation of secreted factors from the heart, we performed gene array transcriptome analyses on murine hearts that were subjected to injury and other stimuli. 11, 12 These analyses revealed that members of the follistatin family of secreted factors were upregulated on injury or Akt Figure 1 . Fstl3 and Activin ␤A are specifically induced after cardiac injury. Expression analysis of activin ␤A, Fstl3, follistatin, and inhibin ␣ in murine models of myocardial infarction (MI) (A), transverse aortic constriction (TAC) (B), and I/R (IR) (C) is shown. In the myocardial infarction model, samples were taken separately from ischemic zone (infarct area) and nonischemic zone (remote area) 3 days after the onset of myocardial infarction. For the pressure overload model, samples were taken 7 days after transverse aortic constriction surgery. Quantitative real-time polymerase chain reaction was performed to determine the mRNA level of each transcript, and the data were compared with the GAPDH level and normalized to the mean value of controls. nϭ4 to 6. *PϽ0.05 vs sham; #PϽ0.01 vs sham. D, Upregulation of activin A protein after myocardial infarction. The top panel is a Western blot analysis for activin A performed under nonreducing conditions, and the bottom panel is a blot for ␣-tubulin with the same samples used under reducing conditions. The histogram shows the quantification of the band intensities for activin A compared with that of tubulin. #PϽ0.01 vs sham. E, Upregulation of activin A and Fstl3 proteins after H/R treatment in NRVM cultures. Representative images of immunoblots of the culture media, 24 hours after addition to cells, and the cell pellet lysates are shown. CTL indicates control.
transgene activation, 10 leading us to hypothesize that there might exist as yet unknown networks of autocrine/paracrine factors that control heart function. In this study, we report that cardiac injuries induce the expression of activin A and its binding partner Fstl3. Activin A was found to protect cardiac myocytes from stress-induced cell death, whereas Fstl3 abolished the prosurvival effect of activin A. We propose that activin A and Fstl3 serve as sensors of cardiac stress and that their relative levels of expression influence cell survival in the injured heart.
Methods
See the online-only Data Supplement for additional details.
Myocyte Cultures of Neonatal Rat Ventricular Myocytes
Primary cultures of neonatal rat ventricular myocytes (NRVMs) were incubated in Dulbecco's modified Eagle's medium supplemented with 7% fetal calf serum for 18 to 24 hours after preparation, then with adenoviral vectors at the indicated multiplicity of infection (MOI) for 16 hours in Dulbecco's modified Eagle's medium. The media were then replaced with fresh DMEM without adenovirus and incubated for 12 hours before hypoxia/reoxygenation (H/R). In other experiments, serum-deprived NRVMs were incubated with recombinant activin A protein for 8 hours before H/R. A GasPak system (Becton Dickinson) was used to create hypoxic conditions as described previously. 13 For H/R studies, cells were exposed to 12 hours of hypoxia followed by reoxygenation.
Construction of Adenoviral Vectors Expressing Murine Fstl3 and Murine Activin ␤A
Full-length Fstl3 and activin ␤A complementary DNAs (cDNAs) were obtained from American Type Culture Collection. Enzymatic restriction sites were added by polymerase chain reaction on both Nand C-terminus, and the full length of Fstl3 and activin ␤A and the cDNAs were subcloned into an adenovirus shuttle vector. After linearization, the shuttle vectors were cotransformed into competent Figure 2 . Activin A protects cardiac myocytes from H/R-induced injury. A, NRVMs were pretreated with different concentrations of activin A for 8 hours before the exposure to 12 hours of hypoxia followed by 24 hours of reoxygenation (H/R). Cell viability was determined by the MTS assay. Apoptosis indicated by nucleosome fragmentation assay (B) and caspase-3 and -7 activities (C) were measured in NRVMs pretreated with 25 ng/mL of activin A before exposure to H/R. D, Thirty minutes before addition of activin A, NRVMs were pretreated with or without the inhibitor SB431542 (SB). Cell viability was measured by MTS assay after H/R treatment. *PϽ0.05; #PϽ0.01. cells (TOP10; Invitrogen) with the adenoviral backbone plasmid (pAdEasy-1). The recombinant adenoviral DNA with Fstl3 or activin ␤A cDNA was extracted from the competent cells and transfected into HEK 293 cells to produce recombinant adenoviral vectors that express Fstl3 (Ad-Fstl3) or activin ␤A (Ad-act␤A). An adenoviral vector expressing ␤-galactosidase (Ad-␤gal) was used as a control. The adenoviral vectors were purified by the CsCl ultracentrifugation method.
Adenovirus-Mediated Overexpression of Activin A in Mice
Eight-to 10-week-old male mice were injected intravenously with adenovirus (Ad-act␤A or Ad-␤gal; 5.0ϫ10 9 plaque-forming units per mouse) through the jugular vein. Plasma activin A was assayed by Western blot analysis 3 days after adenovirus delivery. At this time point, mice also underwent myocardial ischemia/reperfusion (I/R) injury.
Generation of a Cardiac-Specific Fstl3

Knockout Mice
Mice homozygous for an Fstl3 allele with 2 loxP sites flanking exons 3 through 5 (Fstl3 flox/flox ) were backcrossed and maintained on the C57BL6/J background. Fstl3 flox/flox were crossed with ␣-myosin heavy chain (␣-MHC)-Cre transgenic mice that are maintained on a C57BL6/J background. Four different primer pairs were used for genotyping polymerase chain reaction. The loxP site in intron 2 was detected with the use of the primer 1 (SJL954 TCTGAGAAGAG-GAGGGATTTCAAG) and primer 2 (SJL955 ATTTACACCTAGC-CACATACTCTG), which amplify an Ϸ390-bp fragment for the loxP site, whereas the Fstl3 wild-type allele gives a 330-bp fragment. The loxP site in intron 5 was detected with the use of primer 3 (SJL956 AACCACATCCCAGATCCAGGTCAC) and primer 4 (SJL986 CAGCTATGTAGGCTTTGCATTGCTC), which amplify an Ϸ310-bp fragment for the loxP site and a 270-bp fragment for the wild-type allele. Recombination by Cre leads to an allele that lacks exons 3, 4, and 5 of the Fstl3 gene and is detected with the use of primer pair of 1 and 4, which gives a 357-bp fragment. The ␣-MHC-Cre transgene is detected with the use of the primer pair of 5Ј-ATGACAGACAGATCCCTCCTATCTCC and 5Ј-CTCATCAC-TCGTTGCATCATCGAC, which amplifies a 300-bp fragment.
Statistical Analysis
Data are presented as meanϮSEM. Group differences were analyzed by 2-tailed Student t test or ANOVA. To compare multiple groups, the Mann-Whitney U test with Bonferroni correction was used. A value of PϽ0.05 was considered statistically significant.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Activin ␤A and Fstl3 Levels Are Regulated by Stress in the Heart
To better understand the roles of the TGF-␤ superfamily cytokines in heart, we analyzed transcript expression of family members by quantitative real-time polymerase chain reaction using cDNAs from mouse heart ( Figure 1A ). These analyses focused on activin ␤A, its inhibitory binding partners follistatin and Fstl3, and inhibin ␣. Activin ␤A showed marked upregulation at 1 and 3 days after left coronary artery ligation in the infarct zone and returned to baseline at the 6-day time point. These findings are in general agreement with those of Yndestad et al, 14 who previously reported a 15-to 40-fold induction of activin ␤A in the ischemic regions of heart after left coronary artery ligation in rats. Fstl3 displayed statistically significant upregulation at days 1, 3, and 6 in the infarct and remote regions after left coronary artery ligation. Follistatin upregulation was observed in the infarct zone at the 3-and 6-day time points. No regulation of inhibin ␣, which opposes the action of activin A, was observed in this model.
Activin ␤A and Fstl3 were upregulated 10-and 3-fold, respectively, after pressure overload at 1 week after transverse aortic constriction ( Figure 1B ), whereas the follistatin transcript level did not change, and the inhibin ␣ transcript level declined by a factor of 2 ( Figure 1B) . In an I/R model, Fstl3 expression was upregulated 4-fold at 12-and 24-hour time points after perfusion, whereas levels of activin ␤A increased 2-fold at the 12-hour time point ( Figure 1C) . Levels of follistatin and inhibin ␣ did not change in these assays.
Dimers of activin ␤A are processed to give rise to the physiologically active protein activin A. Activin A levels were measured in hearts 3 days after left coronary artery ligation because the activin ␤A transcript was expressed robustly at this time point. A significant increase in activin A protein could be detected in hearts after infarction ( Figure 1D ). To document activin A and Fstl3 expression by cardiac myocytes, NRVMs were cultured under normoxic and H/R conditions ( Figure 1E ). Both proteins could be detected in lysates of the cell pellets and in the conditioned media. Treatment of cultures by H/R led to a 1.9-fold upregulation of activin A and a 1.7-fold upregulation of Fstl3 in the culture media (PϽ0.05; nϭ6).
Activin A Protects Cultured Myocytes From Apoptosis
In the noncardiac cell type, activin A has been reported to promote survival [15] [16] [17] or apoptosis. 18, 19 Thus far, the effects of activin A on cardiac myocyte survival have not been reported. To elucidate the functional significance of activin A in cardiac myocytes, serum-deprived NRVMs were exposed to H/R stress in the presence or absence of recombinant human activin A protein and analyzed for markers of apoptotic cell death. As shown in Figure 2A , recombinant activin A protein promoted survival in NRVMs as assessed by an MTS assay. Statistically significant protection against apoptosis was observed when activin A was incubated with NRVMs at a dose of 25 ng/mL. This level of activin A is similar to doses that exert antiapoptotic actions on other cell types. 20 To corroborate these findings, a nucleosome fragmentation assay of NRVM apoptosis was performed. Treatment with 25 ng/mL activin A reduced H/R-induced apoptosis by 62% ( Figure  2B ). Furthermore, caspase 3/7 activity was increased by the H/R stress, and treatment with activin A protein (25 ng/mL) reduced this activity to near baseline levels ( Figure 2C) .
Activin A signals through activin receptor-like kinases (ALKs). 1 Thus, NRVMs exposed to H/R stress were incubated with SB431542, a specific inhibitor of ALK4, ALK5, and ALK7, before treatment with recombinant activin A. Cell viability was assessed by MTS assay. As shown in Figure 2D , treatment with SB431542 abrogated the protective effect of activin A, whereas the inhibitor had no effect on basal cell viability. These data suggest that extracellular activin A protects cardiac myocytes from stress-induced apoptosis through the activities of ALKs.
To test whether Bcl-2 is involved in the antiapoptotic action of activin A in cardiac myocytes, Bcl-2 protein expression was determined by Western blot analysis. Activin A treatment significantly increased Bcl-2 protein levels in NRVMs ( Figure 3A) . Transduction of NRVMs with small interfering RNA (siRNA) targeting Bcl-2 reduced Bcl-2 protein expression. Knockdown of Bcl-2 with siRNA blocked the inhibitory effect of activin A on H/R-induced nucleosome fragmentation ( Figure 3B) . Thus, activin A cytoprotection is mediated by induction of Bcl-2.
Adenovirus-Mediated Expression of Activin A Promotes Myocyte Survival In Vitro and In Vivo
To corroborate and extend the findings obtained with the recombinant human activin A protein, an adenoviral vector that expresses the mouse activin ␤A gene (Ad-act␤A) was generated. As shown in Figure 4A , transduction with Adact␤A promoted the expression of Bcl-2 protein and increased the phosphorylation of Smad2 in NRVMs. The magnitude of these effects was similar to that observed with the recombinant activin A protein ( Figure 3A) . Transduction of NRVMs with Ad-act␤A suppressed apoptosis induced by H/R as assessed by a nucleosome fragmentation assay ( Figure  4B ) and an MTS assay of cell viability ( Figure 4C) .
To examine the consequences of activin A on cardiac myocyte viability in vivo, mice were injected intravenously with ad-act␤A or the control vector Ad-␤gal. This method of intravenous delivery of adenoviral vectors leads to transduction of the liver but not heart, and secreted adenovirusencoded proteins can be detected in the serum. 10, 21 Mice receiving Ad-act␤A exhibited detectable activin A protein expression in serum as assessed by Western blot analysis ( Figure 5A ). In response to myocardial I/R injury, mice treated with Ad-act␤A displayed a 53.7% reduction in infarct size. This reduction corresponded to a decrease in the number of terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)-positive, apoptotic cells in the area at risk of the Ad-act␤A-treated group ( Figure 5B) . Collectively, these data show that activin A protects myocytes from apoptosis in vitro and in vivo and that it minimizes damage from I/R injury in the heart.
Fstl3 Inhibits Activin A-Mediated Protection of NRVMs
An adenoviral vector expressing the mouse Fstl3 gene (AdFstl3) was constructed because this factor is also induced by myocardial injury ( Figure 1A to 1C) , and it functions as an extracellular binding partner of activin A. Transduction of NRVMs with Ad-Fstl3 abrogated the ability of activin A protein to induce Smad2 phosphorylation ( Figure 6A ). In contrast, adenovirus-mediated overexpression of Fstl1 had no effect on activin A-induced Smad2 phosphorylation in NRVMs ( Figure 6B ).
Because Fstl3 is an inhibitor of activin A, we examined the effects of adeno-mediated induction of Fstl3 on activin A-mediated protection of NRVMs from stress-induced apoptosis. As shown by nucleosome fragmentation assay, transduction of Ad-Fstl3 abolished the prosurvival actions of activin A on NRVMs exposed to H/R stress ( Figure 6C ). The ability of Ad-Fstl3 to block activin A-mediated NRVM survival was corroborated by the MTS cell viability assay ( Figure 6D ).
Ablation of Fstl3 in Cardiac Myocytes Protects the Heart From I/R Injury In Vivo
Cardiac myocyte-specific knockout mice for Fstl3 were generated by crossing Fstl3 flox/flox mice with mice expressing Cre recombinase from the ␣-MHC promoter. Cre-mediated recombination of the Fstl3 allele in the hearts of ␣-MHC-
CreϫFstl3
flox/flox (CKO) mice was confirmed by polymerase chain reaction ( Figure I in the online-only Data Supplement). Quantitative real-time polymerase chain reaction analysis on the extracts from whole heart revealed a significant but incomplete reduction of Fstl3 expression in CKO mice (Cre-f/f) compared with wild-type (W-f/f) mice ( Figure 7A ). Thus, cardiac myocytes were isolated from adult hearts of both strains of mice and evaluated for Fstl3 expression ( Figure 7B ). Myocytes isolated from CKO mice were completely void of Fstl3 transcript. Because whole-body Fstl3-deficient mice exhibit mild cardiac hypertrophy, 22 we evaluated the ratio of heart weight to body weight in the 2 strains of mice ( Figure 7C ). Cardiac myocyte-specific Fstl3 knockout mice did not show any difference in heart weight compared with wild-type mice. Western immunoblot analysis revealed the upregulation of Bcl-2 protein expression in CKO mice. The upregulation of Bcl-2 expression was also detected by Western immunoblot analysis of isolated cardiac myocytes from CKO hearts.
To examine the functional significance of Fstl3 in myocytes of the heart, CKO and control mice hearts were subjected to I/R injury, and infarct size was analyzed by 2,3,5-triphenyltetrazolium chloride staining. As shown in Figure 8A , CKO hearts displayed smaller infarct zones, whereas the ratio of risk area to left ventricular area did not differ between the 2 groups (not shown). TUNEL analysis of the area at risk revealed fewer apoptotic cells in the Fstl3 CKO mice ( Figure 8B ).
Discussion
The heart secretes factors to maintain homeostasis and adapt to stress. [23] [24] [25] In the present study, we characterize the function of 2 new members of the cardiac secretome, Fstl3 and activin A. Fstl3 binds to activin A and other members of this family and inhibits their ability to activate signaling within target cells. 1 It has been reported that serum activin A levels and Fstl3 transcript levels are elevated in heart failure, 9,14 but the regulatory functions of these factors in heart have not been examined previously. In this study, we show that both Fstl3 and Activin ␤A mRNA are markedly upregulated in mouse heart in response to multiple types of injury. Functional analyses in vivo and in vitro showed that activin A is cardioprotective, whereas Fstl3 acts to nullify the protective action of activin A. These data indicate that the balance of expression between these 2 molecules can influence how the heart adapts to stress.
Activin A is involved in numerous biological processes including embryonic development, 26 erythropoiesis, 27 wound healing, 28, 29 cancer-related cachexia, 30 and inflammation. 31 Although it has been demonstrated that activin A is a prosurvival factor for neuronal cells, [15] [16] [17] 20 other studies have demonstrated that activin A is a proapoptotic factor for hematopoietic cells 18 and adrenocortical carcinoma cells. 19 It has also been reported that inhibition of activin A by follistatin attenuates apoptosis induced by carbon tetrachloride injury in liver. 32 Thus, the mode of activin A action is highly dependent on tissue and cell type. In the present study, we present multiple lines of evidence showing that activin A is cardioprotective. In cultured cardiac myocytes subjected to stress, treatment with recombinant activin A protein upregulated Bcl-2 protein expression and reduced caspase activation and cellular apoptosis. Consistent with these results, adenovirus-mediated activin A overexpression promoted Bcl-2 expression and myocyte viability. Adenovirusmediated expression of activin A also reduced infarct size and the frequency of TUNEL-positive cells in hearts that underwent I/R injury.
The functional significance of Bcl-2 induction by activin A was assessed by siRNA knockdown experiments in vitro. Treatment with siRNA directed at Bcl-2 effectively ablated activin A-stimulated expression of this protein by cultured myocytes and blocked the cytoprotection actions of activin A. Previous studies have shown that Bcl-2 has roles in promoting cardiac myocyte viability in models of ischemic injury 33 and desmin deficiency-induced cardiomyopathy. 34 It has also been reported that activin A induces both Bcl-2 and Bcl-xL in neuroblastoma and pheochromocytoma cells. 20 However, we did not detect activin A-stimulated Bcl-xL expression in cardiac myocyte cultures (data not shown).
In this study, it is shown that Fstl3 inhibits the protective actions of activin A on cardiac myocytes. Pretreatment with an adenoviral vector expressing Fstl3 abrogates activin A-mediated suppression of NRVM death under conditions of H/R. Furthermore, cardiac myocyte-specific ablation of Fslt3 reduces infarct size and diminishes the frequency of apoptotic myocytes in the area at risk after I/R injury.
We previously showed that Fstl1 is upregulated by cardiac injuries in murine models, 10 and Lara-Pezzi et al reported that the Fstl1 transcript is upregulated in human heart failure. 9 In contrast to Fstl3, Fstl1 protects cardiac myocytes from death both in vitro and in vivo. 10 Also in contrast to Fslt3, it is shown here that Fstl1 does not interfere with activin A-stimulated Smad2 phosphorylation ( Figure 6 ). In contrast, Fstl1 protection of both cardiac myocytes and endothelial cells is dependent on the upregulation of Akt signaling. 10, 35 Currently, there is no evidence to suggest that Fstl1 functions by binding to TGF-␤ superfamily members.
It was previously reported that whole-body Fstl3 deficiency results in a low degree of cardiac hypertrophy accompanied by mildly elevated blood pressure in old female mice. 22 In the present study, we employed cardiac-specific Fstl3-deficient mice, and no change in ratio of heart weight to body weight was observed between CKO and wild-type mice. Because elevated blood pressure can lead to cardiac hypertrophy, the cardiac phenotype of the whole-body Fstl3 knockout mouse may be caused by the indirect actions of wholebody Fstl3 deficiency on the heart.
Other TGF-␤ family cytokines reported to be produced by the heart under conditions of stress include myostatin/GDF-8 and GDF-15. 6 -8,36 Like activin A, these factors regulate Smad signaling and cause cachexia when administered or overexpressed. 30, 37, 38 Both activin A and GDF-15 have been shown to be increased in patients with heart diseases. 14, 39, 40 Collectively, these studies indicate the existence of a broad signaling network involving TGF-␤ family factors and their extracellular inhibitory proteins that control cardiac adaptation to stress. The expression of these proteins by the damaged heart may also contribute to the systemic wasting response in chronic heart failure.
Conclusions
We show that activin A and its extracellular inhibitory protein Fstl3 are upregulated in murine heart under conditions of stress. Administration or overexpression of activin A protects myocytes from stress in vitro and in vivo. In contrast, Fstl3 overexpression inhibits the myocyte-protective activity of activin A in vitro, and cardiac-specific Fstl3-deficient mice display smaller infarcts and less myocyte apoptosis in response to I/R injury. Thus, we propose that activin A and Fstl3 function in an opposing manner to regulate myocyte survival and that the relative expression levels of these factors influence the adaptive response of the heart to injury. 
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